A mathematical model has been developed to simulate the transient turbulent flow, solidification, transport and entrapment of particles in a continuous casting mold. The turbulence of molten steel inside the liquid pool is calculated using the large eddy simulation (LES). The enthalpy-porosity approach is used to simulate the solidification of steel. A Laplacian equation is used to approximate the pull velocity in the solid region. The transport of particle (bubble and non-metallic inclusion) inside the liquid pool is considered according to the Lagrangian approach. A criterion for particle entrapment in the solidified front is developed using the user-defined functions (UDF) of FLUENT software, considering force balance involving eight different forces acting on a particle at the mushy-zone. The predicted asymmetrical flow pattern is compared with the water model experiment results. The entrapped positions of particles in the solidified shell are predicted and compared with the ultrasonic flaw results of rolled steel plates and the previous study of inclusions distribution in slabs. The model has successfully reproduced many known phenomena and other new predictions, including the transient asymmetrical flow pattern, transient asymmetrical distribution of particles inside the liquid pool, transient entrapment ratios and asymmetrical positions of different particles in the solidified shell.
Introduction
With the development of engineering and continuous improvement in rolling processes, higher requirements of steel product quality are brought forward by many industries. For example, the production of modern high-quality automobile body sheets and pipe steels, calls for better control the surface quality of the billets. And it is essential to reduce the internal defects inside the slabs for producing boiler steels and ship plate steels. These defects [1] [2] [3] in slabs and rolled steel plates, such as slip crack, slivers and blisters, are often caused by captured non-metallic inclusions, slag and bubbles, as shown in Fig. 1 . Through the LF, RH and tundish refining, most of large non-metallic inclusions have been removed and the purity of molten steel has been raised. However, many smaller non-metallic inclusions still stay inside the molten steel, would be carried deep into the mold later, and collide together to form larger clusters, as shown in Fig. 1(c) . 3) Another important source of nonmetallic inclusions is the entrainment of slag into the molten steel, which would produce large spherical inclusions ( Fig.  1(d) ).
3) Argon gas is injected into the submerged entrance nozzle (SEN) to prevent nozzle clogging and remove the non-metallic inclusions in the mold. Large bubbles will escape from the top surface safely, but some smaller bubbles (usually surrounded by inclusions) will be harmfully entrapped by the solidified shell, causing pinhole defects, as shown in Fig. 1(e) . 4) Therefore, in order to improve steel quality, it is essential to study and predict the transport and entrapment of particles (bubbles and non-metallic inclusions) in the continuous casting processes.
During continuous casting processes, the transport and entrapment of particles mainly depend on the turbulent fluid flow, solute concentration, temperature, and solidification of steel in the mold. Extensive studies of the effect of turbulent fluid flow on particle transport and entrapment inside the mold have been performed on physical modeling [5] [6] [7] [8] and mathematical simulation. [9] [10] [11] [12] [13] Kwon et al. 7) studied the inclusions removed by bubble adhesion in continuous casting mold respectively using the water model and mathematical model, finding the wettability of inclusions with liquid is a decisive factor in inclusion removal. Yuan et al. 9) simulated the transient fluid flow of steel in a slab using the large eddy simulation (LES) and compared the results with the flow fields of water measured with DPIV technology, finding good agreement between both of data. And the flow fields were used to investigate the transport of particles. Many studies on the entrapment of particles at the solidifying interface have been done. Some workers [14] [15] [16] [17] [18] considered the effect of surface tension gradient induced forces (Marangoni force) due to the gradient of solute concentration and temperature. Mukai and Lin [14] [15] [16] simulated the motion of fine bubbles under a solute concentration gradient (solute Marangoni force). However, the continuous casting process is basically cooling process, so Lee et al. 18) proposed a dynamic model of particle entrapment on studying the effect of thermal Marangoni force, indicating that the thermal Marangoni force plays an important role, and this model predicts the particle behavior in the solid/liquid interface more precisely. Thomas et al. 19) derived a balance of various forces acting on a particle in the boundary layer, and © 2014 ISIJ the primary dendrite arm spacing (PDAS) was considered for the particle entrapment. The solidified shell was precalculated via the square root law. Yuji Miki et al. 20) used a model experiment studying the entrapment of particles on the solidified shell using molten steel, finding that the entrapment of particles is greatly reduced by the existence of a low velocity flow, e.g., 0.05 m/s.
The asymmetrical and unsteady distribution of defects has been found in recent flaw detection of slabs 21) and steel plates. 22) A number of workers also reported that the fluid flow pattern inside the mold is not symmetrical along the central plane, and not stationary. However, in any case, most of the mathematical simulations reported in the literatures used the Reynolds-averaged turbulence models (mainly the k-ε model) to study the flow in the mold, poorly estimating the turbulent dynamics information. The LES model was successfully applied to obtain the transient and asymmetrical flow of molten steel in the mold, 9, 13, 22) but not including the solidification process.
The present work develops a mathematical model for investigating the transient turbulent flow of molten steel, solidification of steel, and transport and entrapment of particles in the continuous casting mold. The predicted asymmetrical flow patterns are compared with the water model experiment results. Inclusion distributions of in situ observation at steel plates, which have been handled with slab scarfing machine, are carried out by using an ultrasonic flaw detector. The entrapped positions of particles in the cross sections of steel slab are predicted and compared with the ultrasonic flaw results of steel plates and previous study of inclusions distribution in slabs.
Mathematical Model Formulation

Flow and Turbulent Models
The fluid flow is based on the solution of the NavierStokes equations for incompressible viscous flow. The equations are generally given as follows: The terms on the right-hand side of Eq. (2) are respectively representing the stress, the pressure gradient, gravity, and the momentum source term.
The stress term τk is described as follows: In the current work, the turbulent viscosity μ T is calculated using the LES model. An important issue here is the selection of an appropriate SGS model. In the past, the model proposed by Smagorinsky 23) has been developed for cal- where C S is the model constant with a value of 0.1. S is the characteristic filtered rate of strain, ,
, and is the filter width.
Solidification Models
The enthalpy-porosity approach is used to simulate the solidification of steel. It treats the liquid-solid mushy zone as a porous zone. The liquid fraction (0.0-1.0) is used to describe the mushy zone. The liquid fraction, β, can be defined as ..... (6) The latent heat content can vary between 0 (for a solid) and 1.0 (for a liquid).
For solidification/melting problems, the energy equation is written as ............ (7) where H is the enthalpy of the material, S e is source term of energy, .
Here, v p is the solid velocity due to the pulling of solidified material out of the domain (also referred to as the pull 
velocity). The pull velocity is included to account for the movement of the solidified material as it is continuously withdrawn from the domain in continuous casting processes.
Particle Transport and Entrapment Models
The transient transport of particles is simulated based on the flow fields of LES inside the liquid pool. Due to the low volume fraction of particles, the Lagrangian approach is used to calculate the transport of argon bubbles and nonmetallic inclusions. The motion of particles can be simulated by integrating the following transport equation for each particle, which considers contributions from eight different forces:
.... (8) The terms on the right hand side of Eq. (8) are gravitational force, buoyancy force, pressure gradient force, drag force, lift force, virtual mass force, Magnus force and thermal Marangoni force.
Marangoni force can be separated into thermal and solute terms. Mukai and Lin 14) proposed a Marangoni force acting on the spherical particles at the solidifying interface.
............. (9) Sahoo et al. 24) derived a model related with surface tension and temperature which is given by ..... (10) where σ 0 is the surface tension of pure iron at the melting point, A is the temperature coefficient of surface tension of pure iron, Tm is the melting temperature of iron, R is the gas constant, Γo is the surface adsorption of sulfur at saturation, k o is a constant related to the entropy of sulfur segregation, ao is the sulfur content, ΔH o is the standard heat of adsorption. The details can be seen in Sahoo's previous work. 24) Other forces in the Eq. (8) are expressed as follows, and details can be seen in previous work. 16, 25) . When the temperature of steel is higher than liquidus temperature (1 786 K), particles can travel inside the liquid pool, and the motion of particles is governed by the gravitational force, buoyancy force, pressure gradient force, drag force, lift force, virtual mass force and Magnus force. However, when the particles are pushed to the mushy-zone, where the temperature is between liquidus temperature and solidus temperature (1 730 K), in addition to the forces described above, and one extra force is exerted on a particle that is the Marangoni force. According to the works of Yamazaki et al. 26) and Zhang et al., 27) in the current study, it is assumed that particles would be entrapped if the liquid fraction at the location of particles is below 0.6.
Boundary Condition and Solution Method
In the current work, the coupled model is solved using the software of Fluent 14.0 combined with user defined function (UDF) to describe the transient turbulent flow, solidification, and particle transport and entrapment in the continuous casting mold. The computational domain includes the SEN, entire mold, and part of the secondary cooling zone (includes entire vertical section and part of curved section). Each section has different cooling conditions. The geometrical schematic and heat transfer boundary conditions are given in Fig. 2 . A uniform velocity for molten steel is prescribed at the inlet based on the casting speed. For computing the pull velocities: at a velocity inlet, a stationary wall, or a moving wall, the specified velocity is used; at all other boundaries (including the liquid-solid interface between the liquid and solidified material), a zero-gradient velocity is used. The whole domain is divided to be 1.5 × 10 6 finite volumes. The time step size is 2.5 × 10 -4 seconds. Dispersed argon bubbles and non-metallic inclusions with sizes of 50 and 100 μm are injected randomly into the SEN from the inlet. The same number for each size class is 3000. The initial locations are uniformly distributed at the inlet surface. It is assumed that particles are reflected once touching the walls inside and outside the SEN, and escape once reaching the top surface, and leave the system once entering the bottom of the domain. The effects of turbulence are considered in particles traces using the "random walk model".
Inclusions Distribution of In Situ Observation
In order to investigate the inclusion distribution in the slabs obtained from this calculating mold, the in situ ultrasonic testing (UT) of rolled steel plate is carried out. Before slabs were rolled, they had been handled with slab scarfing machine, surface defects (contain inclusions) have been removed. Figure 3 shows the inclusions distribution inside 2 . Schematic of the calculation model and boundary conditions. © 2014 ISIJ two steel plates along with the three cross-sections of the plate (casting direction section, transverse section, and side section respectively), which are obtained from the same vertical-bending continuous caster at different times. As can be observed from the visual analysis, the etch-pits, viewed as green dots are the entrapped argon bubbles and non-metallic inclusions. In Fig. 3(a) , along the casting direction section, it can be seen that there is no inclusion on the right side of the steel plate; many inclusions are located at the lower part of the steel plate. A macro inclusion (a large bubble and many attached no-metallic inclusions) is found inside the steel plate. Compared with the result of Fig. 3(a) , the number of inclusions increases, in Fig. 3(b) , more inclusions are found inside the steel plate and the distribution is uniform along the casting direction section. Compared the two images, it can be found that the distribution of inclusions is intermittent, unsteady and asymmetrical, suggesting that they are related to the transient flow structures. Due to the surface scarfing, very few inclusions can be seen at the steel plate surfaces. As is obvious, high particle numbers are found mostly at 1/4 and 1/2 thickness of the steel plates, forming an obvious inclusions band along the casting direction and width direction, respectively. However, few particles were found in the regions adjoining the surfaces of steel plates. Another visual observation in thickness direction, most of inclusions locate at one side of the steel plate. According to the structure of the vertical-bending continuous caster and the buoyancy of inclusion, it can be judged that this side is the inner-curved section of the mold.
Results and Discussion
Flow Pattern and Solidification
The fluid flow pattern determines the temperature and liquid fraction distributions of molten steel in the mold. And it is also important to the internal cleanliness and quality of the steel. Figures 4(a) and 4(b) show the fluid flow patterns inside the mold through dye-injection observation of water model experiments at different times for the same operation, which are obtained from author previous work.
28 ) The normal Froude similarity number (Fr) and the modified Froude similarity number (Fr g ) were used to obtain the water flow rate and air flow rate of the water model, respectively, as shown in Eqs. (17) and (18) . And the increase in volume during heating of the injected argon gas (25°C) to molten steel temperature (1 530°C) has been considered. The ratios of water-steel flow rates and air-argon gas flow rates have been shown in Eqs. (19) and (20) . Here, the water flow rate was 40.08 L/min; and the air flow rate was 3.34 L/min. Details can be seen in author previous work.
28) It can be seen that the flow pattern inside the mold was not symmetric and not stationary. The left recirculation domain in the lower recirculation zone was much bigger than the right one in one of the repeated experiments, as shown in Fig. 4(a) . After some time, in Fig. 4(b) , it changed and became a mirror image of the previous one. At the time of 100 s, in Fig. 4(c) , the left recirculating domain is much bigger than the right one. But at 135 s, in Fig. 4(d) , just the opposite is happening, the right recirculating domain is much bigger than the left one. The shape of the upper and lower recirculation zones agrees well with the dye-injection observation (as shown in Figs. 4(a) and 4(b)). So the LES model proved to be very useful to study the transient asymmetrical flow inside the liquid pool.
Growth of the solidified shell naturally depends on casting conditions (flow pattern of molten steel) and cooling conditions (interfacial and superheat fluxes). In order to study the solidified shell growth dynamic, the liquid fraction magnitudes of steel at different positions below the meniscus were predicted, as shown in Fig. 5(a) . The variable ranges from 0.0 to 1.0, where 0.0 represents a total solidification and 1.0 represents full molten steel. It should be noticed that the thickness of solidified shell increased with the strand length. In the current work, it was assumed that particles would be entrapped at the location where the local liquid fraction is 0.6. So the iso-surface of 0.6 liquid fraction has been shown in Fig. 5(b) . According to the hypothesis, the particles would keep moving inside this iso-surface and stop moving at this iso-surface. Figure 6 compares the predicted thickness of solidified shell using this model and the perfect parabolic law according to the well known relationship:
. 29) Considering the crude nature of the measuring apparatus and the many model assumptions. The model reasonably predicts the trend of the thickness of solidified shell over the entire domain. From the result, it can be seen that the calculated thicknesses of solidified shell agree well with the simple expression (K = 27.5). Due to the hot molten steel jet impinges against the solidifying shell, the solidified shells are thinner (remelting phenomenon) near the SEN port and on the narrow face about 0.25 m below the meniscus. The thickness of solidified shell at the three referenced locations, yield an average value of 17 mm at the actual mold end (0.8 m below top surface); 32 mm at the curved part of the secondary cooling zone (2.7 m below top surface); 48 mm at the outlet of the calculated domain. The thickness of solidified shell is very important, because it controls the entrapment positions of bubbles and inclusions.
Particle Transport in the Liquid Pool
Understanding the asymmetrical flow pattern of molten steel is important, but further study the associated phenomena such as particle motion and entrapment are more practical. The obtained flow field of molten steel at 100 seconds was used as initial field to investigate the particle behaviour inside the liquid pool. Two groups of argon bubbles (50 and 100 μm) and two groups of inclusions (50 and 100 μm)
were injected randomly into the SEN from the inlet for one second (100 to 101 s).
In order to observe the transient distribution of particles inside the liquid pool with time, the motion of the 50 μm non-metallic inclusion is illustrated in Fig. 7 . The casting speed is also 1.2 m/min, and without considering the effect of argon gas injection on the flow pattern. Non-metallic inclusions are respresented with red sphere. At 1.5 second after injection, in Fig. 7(a) , it can be observed that all the inclusions follow the high-speed downward jet in the SEN, and then they are split into two parts, corresponding to the jet flow. 1.5 seconds later, some of them can rise to the meniscus and are removed, as shown in Fig. 7(b) . By 10 seconds after injection (Fig. 7(c) ), many inclusions are welldispersed throughout the upper recirculation zone of the mold, and others are branched forming two downward streams of particles. At 30 seconds after injection, in Fig.  7(d) , some inclusions have moved to the curved part of the secondary cooling zone. By 100 seconds after injection ( Fig.  7(e) ), some inclusions have flowed out of the calculated domain, and it is difficult for these inclusions to float to the top surface again, so they would be continue moving inside the deeper liquid pool and captured at some deeper locations Although the distribution of inclusions is symmetric about the SEN in the upper recirculation zone at approximately 10 seconds, a noticeable asymmetry in the lower recirculation zone is seen at 30 seconds and 100 seconds, which is caused by the asymmetrical flow in the liquid pool. So the transport of particles depends obviously on the flow pattern.
Entrapment Positions of Particles
In the current work, based on the transient flow fields and the balance of the eight different forces which act on the particle in the boundary layer region, particles touch the solidification front (liquid fraction=0.6) are always assumed to become entrapped, and the number of entrapped particles and the position of every entrapped particle are recorded using the UDF of Fluent. Figure 8 shows the distributions of entrapment positions of 50 μm non-metallic inclusions at different times, which are obtained from the width direction and thickness direction, respectively. The entrapped inclusions are represented with red dots. Corresponding to Fig.  7(a) , at 1.5 seconds, some inclusions are found in the regions near the SEN and adjoining the slab surface, as shown in Fig. 8(a) . 3 s after injection, in Fig. 8(b) , more inclusions are entrapped along the jet directions. With the development of time, 10 s later (Fig. 8(c) ), many inclusions had been entrapped at the upper region of the mold, and some of them are located adjoining the narrow face of the mold from the thickness direction, because the shell thickness at wide face of the mold is thin. At 30 seconds, in Fig.  8(d) , several inclusions had been found at the curved part of the secondary cooling zone. Most of entrapped inclusions are located within the scope of 1 m below the top surface, less entrapped inclusions are found at the lower region of the domain. By 100 s after injection ( Fig. 8(e) ), more inclusions are entrapped at the curved part of the secondary cooling zone of the mold, and due to the buoyancy of inclusion, more of them are located at the inner-curved section of the mold. For the current model, the predicted inclusion distribution agrees well with measured data of UT at the rolled steel plates (Fig. 3) . The predicted results agree well with the previous measured data of inclusions distribution in commercial aluminum DC-cast slab, in Fig. 9(b) , which was obtained using a deep-etching method by Jaradeh and Carlberg. 21) As can be seen from the visual analysis, the etch-pits, viewed as black dots are the non-metallic inclusions. The size of crosssection of this slab is 1 440×460 mm (width×thickness). The figure shows half of a slice cut through the whole ingot. It can be observed from the figure, different regions of high and low inclusion numbers can be distinguished clearly. The inclusion population is highest near the slab surface (within 13 mm of the slab surface) and at 120-150 mm away from slab surface in the thickness direction (around t/4, t = thickness of slab). However, few inclusions are found in the regions of 50 to 100 mm from the slab surface in the thickness direction and the slab thickness centerline.
Statistics of Particles Entrapment
The above results clearly demonstrated the transient asymmetrical particle transport inside the liquid pool, and entrapped positions of particles using the coupled computational model. But the statistical prediction of the entrapment of particles in the solidified slab would be more helpful for removing the particles and improving the quality of the slab. In this section, the statistics of particles entrapment are studied, considering the effect of particle size and the difference between argon bubbles and non-metallic inclusions. Figure 10 shows the transport and entrapment histories of different particles. Four aspects are analyzed: removal ratio from the top surface, entrapment ratio by the solidified shell, escape ratio from the bottom of the computational domain, and midway ratio inside the liquid pool (still moving inside the liquid pool until the end of the calculation). It can be found that most particles are removed from the top surface within 20 seconds, as shown in Fig. 10(a) . Concentrated periods for particles to be entrapped by the solidified shell are 3 s-20 s and 20 s-90 s, in Fig. 10(b) , which indicates that some particles are directly entrapped during transport in the upper recirculation zone with jet, others are taken deeper into the lower recirculation zone, stay for some time, and then gradually be entrapped by solidified shell. From the Fig. 10(c) , it can be seen that some particles could escape from the bottom of the domain until 65 seconds after injection. There are still some particles moving inside the liquid pool until the end of the calculation, especially for 50 μm non-metallic inclusion, the midway ratio is about 18%, as shown in Fig. 10(d) . The results also show that the removal ratio increases, entrapment ratio, escape ratio, and midway ratio decreases with increasing particle diameter. Compared with the non-metallic inclusion, argon bubble with the same diameter is easier to be removed and entrapped. In order to analyze the statistical inclusion entrapment position, three parts were selected (height, width, and thickness of calculation domain). These parts are divided into 30 equal zones, respectively. Figure 11 shows the predicted local entrapment ratios of argon bubbles and non-metallic inclusions along the height direction (various distances below the top surface) at 150 seconds after injection. It can be observed that most particles are entrapped within the shell approximately 0 to 0.8 m below the top surface (corresponding to a shell thickness of 0 to 17 mm). Few particles are entrapped at the curved part of the secondary cooling zone, 2.7 to 6 m below the top surface (corresponding to a shell thickness of 32 to 48 mm). Figure 12 shows the predicted local entrapment ratios of argon bubbles and non-metallic inclusions along the width direction at 150 seconds after injection. Most entrapped particles are found at the regions of 0.2 to 0.85 m from the center (0.0). The peak of entrapped particle number is observed near the narrow face of the mold, which is due to many inclusions are located approximately 15 to 30 mm beneath the width face near the narrow face, and some inclusions are entrapped 0 to 50 mm beneath the narrow face, as shown in Fig. 9 argon bubbles, more bubbles (37.93%) can be entrapped at the left side of the domain. Conversely, more particles are entrapped at the right side (35.5, 29.97, and 36 pct. for 100 μm argon bubbles, 50 μm and 100 μm non-metallic inclusions, respectively). Figure 13 shows the predicted local entrapment ratios of argon bubbles and non-metallic inclusions along the thickness direction at the vertical part of the mold. For all the types of particles, it can be noted that most of the entrapped particles are located at the regions of -0.115 to -0.069 m and 0.069 to 0.115 m, with a peak in number of particles at the inner-curved surface of the slab. Along the thickness direction, the entrapment positions of particles are not symmetric as well. Furthermore, few particles are entrapped by the solidified shell of thickness center at the vertical part (corresponding to the shell in the center of narrow face). It may be due to the "washing effect" of hot steel jet flow, by which the strong flow velocity at the solidification front near the narrow face suppresses entrapment.
Few particles are entrapped at the current curved part of the domain, for example, there is only 4.3 pct. of 50 μm non-metallic inclusions are entrapped here, as shown in Fig. 8(e). But approximately 10 pct. of 50 μm non-metallic inclusions can escape from the bottom, so it is essential to study the local distributions of particles at the bottom of the domain, because these particles will be entrapped at the deeper locations of the caster. Figure 14 shows the predicted local escape ratios of argon bubbles and non-metallic inclusions at the bottom. It is very obvious that more parti- .37, and 4.63 pct. for 50, 100 μm argon bubbles and 50, 100 μm non-metallic inclusions, respectively). Through comparing the number of particles escaping from outercurved section and inner-curved section, it can be seen that larger particles would escape from the inner-curved section more easily. According to all the above results, four different types of particles have approximate entrapment and escape positions, just with different entrapment ratios.
Conclusions
The mathematical model developed in the current study has been carried out for investigating the transient turbulent flow, solidification, and transport and entrapment of particles in the continuous casting mold. The conclusions are as follows:
(1) The distributions of argon bubbles and non-metallic inclusions in the industrial rolled steel plates are intermittent and asymmetric.
( (7) The removal ratio increases, entrapment ratio, escape ratio and midway ratio decreases with increasing particle diameters. Compared with the non-metallic inclusion, argon bubble with the same diameter is easier to be removed and entrapped. All four different types of particles have approximate entrapment positions, just with different entrapment percent. 
